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Abstract—The sound absorption coefficient is a fundamental
parameter for characterizing acoustic materials, widely used in
building acoustics, noise control engineering, and material design.
Its accurate determination, however, remains a challenging task
due to the strong dependence on measurement conditions, sound
field characteristics, and experimental assumptions. Traditional
methods, such as reverberation room and impedance tube
techniques, provide standardized but often limited information,
particularly with respect to angle-dependent behavior and
intrinsic material properties.

This paper provides an overview of existing approaches for
measuring the sound absorption coefficient, with particular
emphasis on free-field and anechoic conditions. Key challenges,
including low-frequency limitations, finite sample effects, and
sensitivity to measurement geometry, are discussed. A
measurement methodology based on a semi-circular configuration
is then introduced. The proposed system employs a swept-sine
excitation and a transfer function approach using three
microphones to estimate the reflection properties of the material.
Two realizations of the semi-circular measurement setup are
presented, enabling flexible control of incidence angles and
improved characterization capabilities. The paper aims to
contribute to the ongoing development of reliable and versatile
measurement techniques for sound absorption under controlled
acoustic conditions.

Keywords—sound absorption coefficient, anechoic
measurements, acoustic material characterization, transfer function
method

I. INTRODUCTION

The sound absorption coefficient is one of the most widely
used parameters for describing the interaction between acoustic
waves and materials. It quantifies the fraction of incident
acoustic energy that is absorbed by a material rather than
reflected, and is therefore of central importance in applications
such as room acoustics, noise control, and acoustic material
design. Despite its apparent simplicity, the accurate
measurement of the sound absorption coefficient remains a
complex problem [1, 2].
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One of the main challenges lies in the fact that the absorption
coefficient is not an intrinsic material property in the strict sense.
Instead, it depends on several factors, including the frequency of
the incident sound, the angle of incidence, and the characteristics
of the acoustic environment in which the measurement is
performed [2]. As a result, different measurement methods often
yield significantly different results for the same material [1].

Several standardized techniques have been developed for
measuring the sound absorption coefficient. The reverberation
room method, defined in standards such as ISO 354, provides the
diffuse field absorption coefficient by analyzing the decay of
sound energy in a highly reverberant environment [3]. This
method is widely used in building acoustics due to its practical
relevance. However, it requires large sample sizes and offers
limited insight into the intrinsic properties of the material [2].

The impedance tube method, standardized in ISO 10534-2,
represents another widely used controlled-field approach [4]. It
determines the normal incidence absorption coefficient under
plane wave conditions. While it provides high accuracy and
repeatability, it is limited to normal incidence and does not
represent realistic acoustic environments where sound arrives
from multiple directions [1].

In order to overcome these limitations, significant research
efforts have been directed toward the development of
measurement techniques in free-field or anechoic conditions
[1, 5, 6]. These methods aim to isolate the interaction between
the incident and reflected sound waves at the material surface,
thereby enabling a more detailed and physically meaningful
characterization of the material properties. In such setups, the
reflection coefficient and surface impedance are typically
estimated from pressure measurements, and the absorption
coefficient is derived from these quantities [1].

However, measurements under anechoic conditions
introduce their own set of challenges. Among the most important
are the effects of finite sample size, which lead to edge
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diffraction, and the difficulty of accurately separating incident
and reflected wave components [1]. In addition, low-frequency
measurements remain particularly problematic due to large
wavelengths and reduced signal-to-noise ratios [1,5]. The
accuracy of the results is also highly sensitive to the geometry of
the measurement setup, including the positions of the sound
source and microphones [1, 6].

The motivation of this paper is to contribute to the
development of reliable measurement techniques for
determining the sound absorption coefficient under anechoic
conditions. In particular, the paper focuses on a measurement
system based on a semi-circular configuration, which allows
flexible control of the measurement geometry and the angle of
incidence. The methodology employs a swept-sine excitation
and a transfer function (TF) approach using multiple
microphones to estimate the reflection properties of the material.

The remainder of the paper is organized as follows. Section
2 provides an overview of existing measurement approaches and
discusses the main challenges associated with different
techniques. Section 3 presents the proposed measurement
methodology, including two realizations of the semi-circular
setup. Subsequent section describes the experimental results and
their discussion.

II. VARIOUS APPROACHES TO MEASUREMENT OF SOUND
ABSORPTION COEFFICIENT

A. Classification of Methods and General Challenges

Techniques for measurements of the sound absorption
coefficient can be broadly classified according to the
characteristics of the sound field and the measurement
environment. The most common categories include diffuse-field
methods, controlled-field methods, free-field or reflection-based
methods, and model-based approaches [1, 5-8]. Diffuse-field
methods are typically implemented in reverberation rooms,
where the sound field is assumed to be statistically uniform and
isotropic [2]. Under these conditions, the absorption coefficient
represents an average over all angles of incidence. While this
approach is well suited for practical applications, it relies on the
assumption of a perfectly diffuse sound field, which is difficult
to achieve in practice. Deviations from ideal diffusion, as well as
sample placement and room characteristics, can introduce
significant uncertainties [2, 9].

Controlled-field methods, e.g., impedance tube technique,
rely on well-defined wave propagation conditions, typically
assuming plane waves at normal incidence [4]. These methods
provide highly accurate and repeatable results and are widely
used for material characterization. However, their applicability
is limited by simplified sound field conditions, and the results are
not directly representative of real acoustic environments [5, 6].

Free-field or reflection-based methods aim to overcome
some of these limitations by measuring the interaction between
incident and reflected waves in environments with minimal
reflections, such as anechoic chambers [7-9]. In these methods,
the reflection coefficient is estimated from pressure
measurements, often using TF techniques or time-domain
analysis. The absorption coefficient is then derived from the
reflection coefficient.

Model-based and inverse methods represent another class of
approaches, in which measured data are fitted to theoretical
models of the sound field [7, 10, 11]. These methods can handle
complex measurement configurations and account for non-ideal
conditions, but their accuracy depends strongly on the validity of
the underlying model.

Across all these approaches, several fundamental challenges
are encountered. One of the most significant is the accurate
measurement at low frequencies, where large wavelengths
require large samples and measurement distances. Finite sample
size leads to edge diffraction, which distorts the sound field and
violates the assumptions of many analytical models.
Additionally, measurement results are often highly sensitive to
the geometry of the setup and the positioning of sensors.

B. Measurements under Anechoic Conditions

Measurement techniques in anechoic conditions aim to
provide a controlled environment in which the sound field can be
approximated as a superposition of incident and reflected waves.
This enables the direct estimation of the reflection coefficient
and, consequently, the absorption coefficient. One of the most
widely used approaches in this context is the TF method
employing two microphones [7]. In this method, the pressure is
measured at two locations, and the TF between the signals is used
to estimate the acoustic impedance and reflection coefficient, see
Fig. 1 Such a setup forms the basis for estimating the material
reflection properties using analytical or numerical models.
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Fig. 1. Schematic representation of the two-microphone TF method in free-
field conditions.

Depending on the measurement configuration, either plane-
wave or spherical wave models may be used to describe the
sound field. The absorption coefficient o 6,w) is calculated using
the plane wave model as
Hy 1 (8,w)e~ikd1c0s0_g—jkdzcosd 2
e—jkdzcose_H21(g'w)e—jkdlcose (1)
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where H,1(6,w) is the TF between the sound pressures measured
at the two microphones, d; and d, are the distances of the
microphones from the test surface, & is the wavenumber and &is
the angle of incidence. While simplifying the analysis, the plane-
wave assumption is often invalid in practical free-field setups
with a finite source distance, especiall at low frequencies.

To improve accuracy, spherical-wave formulation has been
introduced, in which the absoprtion coefficient is calculated as
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where r; and r; are the distances from microphones 1 and 2 to
the source, respectively, and r/ and r% are the distances from
microphones 1 and 2 to the image source, respectively. This
approach accounts for the curvature of the wavefront and the
geometric spreading of the sound field by explicitly considering
both the real source and its image with respect to the sample
surface, in order to describe the incident and reflected wave
components. Such models provide better agreement with
theoretical predictions, particularly at low frequencies and for
compact measurement setups [10].

In addition to TF method, time-domain methods represent
another important class of techniques. By measuring the impulse
response of the system and applying time windowing, it is
possible to separate the incident and reflected wave components
based on their arrival times. The principle of this (subtraction)
approach is illustrated in Fig. 2, which shows the reference
measurement containing only the direct wave, the measurement
including both direct and reflected components, and the result
after subtraction, where the reflected wave is isolated.
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Fig. 2. Illustration of subtraction method based on impulse response
measurements—the reference measurement containg only direct impulse, the
measurement of the tested material containg both direct and reflected
impulses, where the reflected one is extrtacted after subtraction [12].

More advanced approaches include the use of pressure—
velocity probes, microphone arrays, and wave field
decomposition techniques [10, 13, 14]. These methods allow a
more detailed characterization of the sound field and can handle
more complex measurement scenarios, including oblique
incidence and non-planar wavefronts. However, they are
generally more sensitive to noise and require more sophisticated
instrumentation and data processing.

Despite the variety of available techniques, several
challenges remain unresolved. In particular, low-frequency
accuracy, finite sample effects, and sensitivity to measurement
geometry continue to limit the reliability of anechoic
measurements. These issues motivate the development of new
measurement approaches that can provide improved
performance under realistic conditions and form the basis for the
methodology proposed in this paper.

III. METHODOLOGY

A. Measurement Principle and System Concept

The methodology proposed in this paper is based on a semi-
circular measurement configuration developed for the
characterization of the sound absorption coefficient of acoustic
materials under controlled free-field conditions. The primary
objective of this approach is to provide a flexible and
geometrically well-defined framework for estimating the
reflection properties of tested materials through pressure-based
measurements. A swept-sine excitation signal is employed due
to its high signal-to-noise ratio, robustness to nonlinear
distortion, and accurate impulse-response estimation capability.
The system impulse response is obtained by deconvolution of the
recorded signals with the excitation signal.

The proposed setup employs three microphones positioned
vertically near the center of a semicircular structure placed in
front of the material sample, with the center of the semicircle
aligned with the central position on the surface of the tested
material. Microphone 1 (M1) is the furthest from the test sample,
microphone 2 (M2) is in the middle, and microphone 3 (M3)is
the closest. Compared to conventional two-microphone
approaches, this configuration provides additional spatial
sampling, redundancy, and improved robustness against
positioning errors and measurement noise.

B. Measurement Environment and System Realizations

Two different realizations of the semi-circular measurement
system (prototype I and IT) have been developed, see Figs. 3 and
4. In the first phase of investigations, all measurements were
conducted in the full anechoic chamber of the Faculty of
Electronic Engineering, University of Nis, Serbia, see Fig. 3. The
chamber is acoustically isolated and designed to approximate
free-field conditions by suppressing reflections above
approximately 50 Hz.

Both prototypes are based on the same fundamental concept:
a semi-circular frame with a radius of 1.5 m, on which three
microphones and the sound source are mounted. In both
realizations, the geometry allows a certain degree of flexibility,
including adjustment of the microphone heights above the test
surface, as well as variation of the source position with respect
to the sample, thereby enabling control of the angle of incidence.
However, Prototype I offers greater flexibility, particularly in
terms of continuously adjustable microphone-to-sample and
source-to-sample distances. Prototype II also allows such
adjustments, but within more restricted, predefined positions.

Fig. 3. Semi-circular measurement setup — the first realization (prototype I)
made of rectanuglar metal profiles.



Fig. 4. Semi-circular measurement setup — the second realization (prototype
1I) made of tubular circular profiles.

C. Equipment and Instrumentation

The measurement chain was designed to ensure high
repeatability and reliable acoustic data acquisition. Three
Behringer ECMS8000 omnidirectional measurement
microphones were used for pressure measurements. A Gallo
A’DIVA spherical loudspeaker served as the sound source due
to its compact geometry and near-point-source radiation
characteristics, minimizing diffraction effects. Signal playback
and recording were performed using a Zoom F4 field recorder as
the audio interface and preamplifier in the prototype I, that is,
using a Tascam US-4x4HR audio interface in the prototype II,
while a Lenovo Legion laptop controlled excitation generation
and data acquisition. Adobe Audition and Pro Tools were used
for swept-sine playback and synchronized recording, while all
post-processing—including deconvolution, synchronization, TF
estimation, time-windowing, and absorption-coefficient
calculation—was performed using custom Python scripts.

D. Test Sample and Geometric Parameters

The investigated material was a 50 mm thick rock wool
absorber manufactured by Knauf Insulation. The sample was
mounted on a rigid reflective backing surface to ensure
consistent boundary conditions and repeatable acoustic
impedance at the rear surface. Special attention was given to the
selection of geometric parameters, including semi-circular
radius, microphone spacing, source distance, and incidence
angle. These parameters were chosen to balance several
competing requirements: spatial resolution, minimization of
edge diffraction, adequate signal-to-noise ratio, and robustness
of TF estimation.

IV. RESULTS

A. Comparison of Two Measurement System Realizations

The experimental investigation clearly confirmed that
measurement geometry and structural stability represent critical
factors in the reliable determination of the sound absorption
coefficient when both TF and subtraction methods are applied.
As shown by the first realization of the semi-circular system—
prototype I shown in Fig. 3, the concept provided high flexibility
in controlling source position, incidence angle, microphone
spacing, and sample dimensions, enabling systematic parametric
studies of multiple physical effects including finite-size
diffraction, microphone pair position, angular dependence, and
near-field versus far-field behavior. However, practical
implementation revealed several important limitations.
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Prototype I, based on a modular metallic semi-circular
structure made of rectangular steel lamellas with a radius of
1.5 m and placed directly on the steel cable mesh floor of the
anechoic chamber, exhibited mechanical instability due to
insufficient structural support from the flexible mesh surface and
the limited rigidity of the individual structural elements. The
microphone and source rods were prone to bending, local
deformation, and alignment deviations. Additionally, structural
vibrations generated by the loudspeaker—particularly at low
frequencies—propagated through the frame and introduced
parasitic signal contributions. These factors significantly
reduced repeatability, especially when the system was repeatedly
reconfigured for different geometrical conditions.

From an acoustical perspective, these limitations produced
several undesirable consequences: i) reduced reproducibility
between repeated measurements,, ii) increased sensitivity to
small geometric deviations,, iii) artificial resonances and peaks
in the frequency response, particularly at low frequencies, and
iv) degraded signal-to-noise ratio due to vibration-induced
contamination. As a result, the reliability of the estimated
absorption coefficient was reduced, especially when comparing
measurements across multiple configurations.

To overcome these issues, the second realization of the
system (Prototype II, shown in Fig. 4) was designed with
substantial mechanical improvements. The redesigned setup,
made of circular tubular elements, employed two horizontally
positioned rigid support bars with rubber pads, increased
stiffness, multi-point mounting, damping elements, and an
independent support platform that removed direct dependence on
the mesh floor (Fig. 5). Additional vibration isolation reduced
source-induced and environmental disturbances. These
modifications significantly improved geometric stability,
repeatability, and alignment accuracy.

Overall, prototype II demonstrated clear advantages over
prototype I in terms of mechanical robustness and expected
measurement reliability. Although both systems preserved the
same fundamental semi-circular measurement concept, the
second realization provided substantially improved conditions
for high-precision measurements, particularly in studies
requiring repeated geometry modifications or low-frequency
analysis where structural artifacts are most problematic.

Fig. 5. Improved semi-circular measurement system (prototype II) with
enhanced mechanical stabilization, structural rigidity, and vibration damping
for increased geometric precision and repeatability.



B. Sensitivity of TF Methods to Microphone Position

The TF-based approaches were found to be sensitive to
microphone positioning, confirming that even small spatial
deviations can produce errors in the calculated absorption
coefficient. Since the TF depends directly on both amplitude and
phase difference between microphone signals, and phase scales
with microphone spacing, geometric inaccuracies mainly
manifest as phase errors. A dedicated sensitivity study was
performed by keeping experimentally measured impulse
responses fixed while varying only the assumed microphone
distances during post-processing. This approach effectively
simulated realistic positioning errors without introducing
additional experimental variability.

The results showed a clear frequency-dependent sensitivity
trend. At low frequencies, where wavelengths are large, small
distance errors produced only minor phase deviations, and the
estimated absorption coefficient remained relatively stable.
However, sensitivity increased with frequency. At mid and high
frequencies, even millimeter-scale changes in microphone
position caused notable divergence of absorption curves.

For variations in the upper microphone position (M2 in the
microphone pair M3-M2), TF1 exhibited strong oscillatory
behavior and divergence at mid and high frequencies, mainly
above 500 Hz (see Fig. 6). When varying the position of the
lower microphone (M3) in the same pair, a certain sensitivity
appears in the same frequency range (see Fig. 7), but the changes
in the absorption coefficient are smaller than when changing the
upper microphone (M2) over the same 10 mm range. This
indicates that the microphone closer to the sample is not
necessarily more critical than the more distant microphone,
although it is located within the region of strongest interference
between incident and reflected waves. The position of the notch
caused by microphone spacing shifts toward higher frequencies
as the microphone distance decreases in both analyzed cases.

A similar investigation was carried out for the TF2 method.
The results indicate that the spherical-wave formulation of TF2
provides somewhat greater robustness to microphone position
variations, although a certain sensitivity is still present (see Fig.
8). Here, shifting M2 by 2 mm caused a small change in the
absorption coefficient at mid and high frequencies. This change
was larger when M3 was shifted by 5 mm. As noted above for
TF1, changes in microphone spacing also lead to a shift in the
notch position, which appears in the range from 5 kHz to 9 kHz.

TF1: a versus mic 2 distance

500 1k

2k
frequency (Hz)

Fig. 6. TF1 method: effect of varying the upper microphone distance (M2 of
the M2-M3 microphone pair) from the test surface on the estimated sound
absorption coefficient (M3 distance from the test surface is 0.020 m).

11

TF1: a versus mic 3 distance
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Fig. 7. TF1 method: effect of varying the lower microphone distance (M3 of
the M2-M3 microphone pair) from the test surface on the estimated sound
absorption coefficient (M2 distance from the test surface is 0.048 m).

TF2: a versus mic 2 and mic 3 distances
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Fig. 8. TF2 method: effect of varying both the upper (M2) and lower (M3)
microphone distances of the M2—M3 microphone pair from the test surface on
the estimated sound absorption coefficient.

These findings emphasize that precise and repeatable
microphone positioning is very important for reliable TF-based
free-field absorption measurements. The three-microphone
semi-circular system offers important advantages here, since it
provides redundancy and enables comparison between multiple
microphone pairs, potentially improving robustness relative to
standard two-microphone systems.

C. Influence of Source Distance on Measurement Results

The influence of source distance was investigated primarily
using the TF2 spherical-wave method while maintaining fixed
microphone geometry. The source distance was varied over
several ranges to evaluate the effect of the source—sample
geometry on the calculated sound absorption coefficient.
Representative examples include the ranges from 0.995 m to
1.004 m, from 0.98 m to 1.025 m, and from 0.90 m to 1.08 m,
which are discussed in the following.

The results demonstrated a markedly different sensitivity
pattern compared to microphone positioning. The effects of
varying the source-to-test-surface distance within +5 mm,
corresponding to an overall change of 1%, are almost negligible.
Some effects become noticeable when this distance is varied
within £50 mm, corresponding to an overall change of 5% (Fig.
9a). However, these effects remain relatively small, and the
absorption curves deviate only slightly from one another at
frequencies below 600 Hz. The deviations increase further when
the source distance is varied within 100 mm, corresponding to
an overall change of 10% (Fig. 9b).
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Fig. 9. TF2 method: effect of varying the source distance from the test
surface on the estimated sound absorption coefficient.

The observed behavior can be attributed to the relatively
minor influence of path-length uncertainty and phase sensitivity,
particularly at lower frequencies where wavelengths are large. In
contrast, at mid and high frequencies, the effect of source
distance became negligible. The resulting absorption curves
nearly overlapped, and the characteristic notches in the response
remained at nearly identical frequencies regardless of source
position. This indicates that, in this frequency range, the
dominant features are primarily governed by interference
structure and microphone geometry rather than source distance
itself. Overall, the influence of source-distance variations on the
calculated sound absorption coefficient is smaller than that of
microphone-position variations.

V. CONCLUSIONS

Taken together, the results demonstrate that the proposed
semi-circular methodology provides a powerful platform for
systematic investigation of geometric effects in free-field
absorption measurements. The comparison of the two system
realizations highlights that mechanical precision and structural
stability are prerequisites for exploiting the flexibility of such a
system. Furthermore, the sensitivity analyses show that
microphone positioning accuracy is generally more critical than
source distance, especially at mid and higher frequencies. In
contrast, moderate variations in source-to-sample distance
produce only limited changes in the estimated absorption
coefficient, with noticeable effects occurring primarily for larger
geometric deviations and at lower frequencies. These findings
indicate that, within practical tolerances, accurate microphone
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placement should be prioritized over precise source positioning
when configuring the measurement setup.

These observations strongly support the development of the
improved second prototype and indicate that future optimization
efforts should prioritize: i) structural rigidity and vibration
suppression, ii) highly precise microphone positioning
mechanisms, and iii) robust geometric calibration procedures.
By addressing these factors, the semi-circular methodology can
provide a more reliable alternative for detailed free-field
characterization of sound absorption materials, particularly when
investigating angular behavior, finite-size effects, and advanced
TF models.
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